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Abstract
An electrochemical method for the determination of Taxifolin (Tx) in peanut oil 
samples using screen-printed electrodes (SPEs) is reported for the first time. The different 
electroanalytical parameters such as scan rate, supporting electrolyte, pH and accumulation 
step were optimized. Interference studies were also explored for the determination of Tx in 
presence of daidzein, quercetin, trans-resveratrol and caffeic acid. The method developed for 
the Tx determination exhibits a linear response in the concentration range from 0.05 to 1 μM 
and a limit of detection of 0.021 μM. The electrochemical detection method proposed 
provides a novel, quick, low-cost, reliable and portable method for the in-situ quality control 
for monitoring the protected designation of origin of the “Córdoba, Argentina, Peanuts”.
Keywords: Taxifolin; Peanut oils; Screen-printed electrodes; Electrochemical sensor.
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1. Introduction
Peanut oil is an edible vegetable oil widely used due to its unique nutritional, medicinal 
and sanitary properties [1]. It is extracted from shelled and crushed peanuts using a variety 
of methods such as hydraulic pressing, expeller pressing and/or solvent extraction [2]. The 
chemical composition of peanut oil varies according to the geographical origin of the peanuts 
having triacylglycerols and their fatty acids as the major components. There are also other 
minor components such as free fatty acids, diacylglycerols, phospholipids, sterols, 
tocopherols, tocotrienols, triterpenic and aliphatic alcohols, waxes, pigments, phenolic 
compounds, and metals [3]. It is also important to note the presence of several phenolic 
compounds that have been found in peanut samples such as quercetin, isoquercetin, daidzein, 
trans-resveratrol, caffeic acid and taxifolin among others [4-6].
Taxifolin (3,5,7,3,4-pentahydroxy flavanone, Tx), also known as dihydroquercetin, is 
one of the most bioactive flavonoids. Its chemical structure is shown in Fig. 1. Tx  is reported 
to take part of many biological processes such as inhibitory activity on three digestive 
enzymes [7], anti-inflammatory and anti-allergic effects on mast cells and mast cell-mediated 
allergic reaction [8], reduction of androgen production in leydig immature rat testis [9], 
decrease in cholesterol oxidation product [10], and many others that can be found in the 
specific literature [11]. Tx, can be naturally found in milk thistle, onions, chinese plant 
extracts (such as Polygonum orientale, turtle jelly and extract of Rhizoma Smilacis Glabrae), 
citrus fruits, peanuts, and others [12-17]. 
Commercially available Tx determination methods are mainly based on high-
performance liquid chromatography (HPLC), with different detection systems such as mass 
spectrometry (MS) [18, 19], UV-vis [20, 21], photodiode array detector [14] or capillary 
electrophoresis (CE) [15, 22]. Although these methods exhibit accuracy and sensitivity, they 
require expensive equipments and technical expertise, high amount of reagents, time-
consuming and a centralized laboratory to perform the analysis. Most of them need an 
internal standard which could improve the method performance (butylparaben, biochanin A), 
and a liquid/liquid extraction stage prior to analysis. In all these methods, the mobile phase 
consists of organic solvents (acetonitrile, trifluoroacetic acid, methanol, acetic acid). 
Moreover, the limits of detection (LOD) vary between 0.004 - 0.005 µM for mass 
spectrometry detection to 0.66 - 0.76 µM for other detection methods.
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On the other hand, electrochemical methods offer analytical advantages such as high 
degree of accuracy, precision, sensitivity and selectivity, small size of equipments, low cost 
and easiness of sample preparation. Thus, they are good candidates as promising alternative 
methods to carry out the determination of Tx. At present, there are only a few reports 
regarding the determination of Tx by electrochemical sensors.  The Tx electrochemical 
behavior has been studied at different pH at glassy carbon mini-electrodes (GCmE) by using 
cyclic, differential pulse and square wave voltammetries (CV, DPV and SWV) [23]. 
Ziyatdinova et al. [24] have developed an electroanalytical method to determine rutin, 
quercetin and Tx in pharmaceutical dosage by using CV on multi walled carbon nanotube 
modified glassy carbon electrodes (MWCNT-GCE). The linear concentration range (LCR) 
to determine Tx was from 0.52 to 210 µM and, the LOD was 0.26 µM.  Y. Wu et al. [25], 
used an electrochemically reduced graphene oxide (ERGO) on a glassy carbon electrode 
(ERGO-GCE) and square wave adsorptive stripping voltammetry (SWASV) for the detection 
of Tx in prince's-feather fruit. They reported a LCR from 0.05 to 1.5 µM and the LOD was 
0.004 µM. The electrodeposition of electrochemical reduced graphene oxide on a glassy 
carbon electrode (ERGO-GCE) in combination with SWASV was also reported for the Tx  
determination in prince's-feather fruit, exhibiting a LCR from 0.01 to 1 µM and a LOD of 
0.002 µM [26]. Palladium nanoparticles supported on poly (diallyldimethylammonium 
chloride) (PDDA)-functionalized graphene modified GCE (PDDA-Gr-Pd-GCE) were also 
used for the Tx determination in Fructus Polygoni Orientalis, exhibiting LCR from 0.04 to 
1 µM and a LOD 0.001 µM, respectively [27]. Recently, a molybdenum sulfide and nitrogen 
doped active carbon composite (MoS2/ANC) modified GCE (MoS2/ANC-GCE) sensor for 
the determination of Tx was reported , with a LCR from 0.001 to 1 µM and a very low LOD 
of 0.0003 µM , which was applied to the quantitative detection of Tx in Fructus Polygoni 
Orientalis [28]. The electrochemical methods previously described have an excellent LOD, 
even better than those found with HPLC-MS. However, some limitations can be mentioned 
such as a large volume in the electrochemical cell (10 mL or more). This implies a large 
reagent consumption and more waste generated. On the other hand, all of them have electrode 
surface modification with nanostructures, which involve several stages to obtain the final 
sensor (material synthesis, material characterization, preparation of modified electrodes, etc.).  
Furthermore, all the previously described sensors show an adsorption controlled electrode 
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process or an adsorption/diffusion controlled electrode process. Besides, in no case the 
accumulation stage was optimized using an experimental design.  In addition, in all cases the 
electrode surface must be regenerated between each experiment, leading to time consumption. 
However, at so far, no electrochemical method was reported for the Tx determination in 
peanut samples.
In recent years, there has been a trend of increased attention to develop in-situ 
analytical methodologies outside central laboratories, such as “point of care analysis” or 
“decentralized analysis” [29, 30]. In this context, screen-printed electrodes (SPEs) are the 
basis of translating lab-based methodologies on “in-the-field” experimentation. SPEs offer 
great versatility, small size, low reagent consumption, low-cost and large-scale manufacture 
and, they are highly reproducible for single or multiple use, providing a great analytical 
platform to develop in real time in-situ sensor devices [31-33]. Several of these advantages, 
follow the most of the principles involved in green chemistry [34,35].
In this work, we report the results of a simple and reliable electroanalytical method to 
determine Tx (see its chemical structure in Fig. 1) in edible peanut oils for the first time. In 
addition, we want to contribute and support the protected designation of origin (PDO) of the 
“Córdoba, Argentina, Peanuts” (Provincial Act N° 10.094/12). Therefore, we used the square 
wave voltammetry on screen-printed electrodes combined with chemometrics tools to 
perform these studies. At the best of our knowledge, this is the first application of screen-
printed electrodes to determine Tx. In addition, we have determinated and quantitated the 
presence of Tx in edible peanut oils for the first time using disposable devices.  
PREFERRED POSITION FOR FIGURE 1
2. Materials and methods 
2.1.  Reagents
All reagents were of analytical grade and used as received. Ultrapure water (ρ = 18 MΩ 
cm−1) was obtained from a Millipore-Milli Q system. Tx was purchased from Sigma–Aldrich.  
Ethanol (EtOH), sulfuric acid (H2SO4), sodium hydroxide (NaOH), dipotassium hydrogen 
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phosphate (K2HPO4) and potassium dihydrogen phosphate (KH2PO4) were purchased from 
Merck. Tx stock solutions (6.90 x 10-4 M) were prepared in EtOH, protected from light and 
kept in the refrigerator. Working solutions were prepared daily by adding aliquots of the 
stock solution to 1 M H2SO4. 
2.2.  Edible peanut oil samples
Edible peanut oil (EPO) samples were obtained from commercial markets of Río 
Cuarto, Córdoba, Argentina. They were stored at room temperature and protected from the 
light. An aliquot of 400 µL of EPO was dissolved in 1.5 mL of EtOH / 1 M H2SO4 (1:4) 
solution and, then, was immersed in an ultrasonic bath during 30 min (brief modification 
with reference to our previous works) [36-38]. Then, an aliquot was taken and diluted 30 
times. For the electroanalytical determinations, 75 µL of the latest solution was placed on the 
SPEs. 
2.3.  Instrumentation 
Voltammetric measurements were performed with an Epsilon potentiostat (BASi-
Bioanalytical System, USA) using the manufacturer’s electrochemical analysis software. 
When necessary, an external electrode Ag/AgCl, 3 M KCl (BAS, RE-5B) and a platinum 
wire were used as reference and counter electrodes, respectively. The SPEs connection to the 
electrochemical workstation was home-made. All measurements were conducted using an 
unmodified/bare SPE with 3-electrode configuration. A 3.1 mm diameter graphite screen-
printed electrode was used as the working electrode, a carbon counter electrode and a silver 
ink as the pseudo-reference electrode. 
2.4.  Fabrication of screen-printed electrodes
Stencil designs with a microDEK 1760RS screen-printing machine (DEK, Weymouth, 
UK) were used for SPEs production. For each SPE, a carbon–graphite ink formulation was 
first screen-printed onto a polyester flexible film (Autostat, 250 µm thickness). After that, 
this layer was cured at 60 °C during 30 min in a box fan oven with extraction. Then, a 
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silver/silver chloride (60:40) reference electrode was applied by screen-printing Ag/AgCl 
paste (Product Code: C2040308P3; Gwent Electronic Materials Ltd, UK) onto the plastic 
substrate. Then, this layer was cured at 60 °C during 30 min in an oven. Finally, an insulating 
dielectric paste ink (Product Code: D2070423D5; Gwent Electronic Materials Ltd, UK) was 
printed to cover the connections and define the 3.1 mm diameter of the graphite working 
electrode. This layer was also cured under the same conditions as the previous layers. After 
these stage, the SPEs were ready to use. Potential of Ag/AgCl pseudo-reference electrode 
was checked by cyclic voltammetry against a commercial Ag/AgCl (3 M) electrode in the 
Tx / 1 M H2SO4 solutions. Thus, a shift of about 0.110 V to more negative values was 
observed for the peak potential of Tx oxidation when the pseudo-reference was used. 
Satisfactory stability for the pseudo-reference electrode was found and agrees very well with 
results recently reported [39]. These platforms have been well characterized in previous 
works [40]. 
2.5.  Square wave voltammetry measurements 
Prior to each measurement, the SPEs surface was stabilized.  This stage involved to 
record cyclic voltammograms from -0.5 to 1.0 V (vs. Ag/AgCl pseudo-reference electrode) 
at a scan rate (v) of 0.100 V s-1 in 1 M H2SO4 aqueous solution. The stage of Tx accumulation 
on the electrode surface was performed at -0.2 V during 90 min under non-stirring conditions. 
After that, the drop with Tx solution was removed and re-placed by a drop of blank solution 
to perform the next experiments. 
SW voltammograms were recorded in the potential range from -0.5 V to 1.0 V. Other 
experimental parameters were: step potential, ΔEs = 0.005 V; frequency, f = 40 Hz and 
amplitude of the square wave, ΔEsw = 0.025 V. All the measurements were carried out at 
room temperature in non-deaerated solutions, using 75 µL drop on the SPEs covering the 
three electrodes. Each individual experiment was carried out using a new SPEs. 
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3. Results and discussion 
3.1.  Electrochemical behavior of Tx using SPEs
Fig. 2 shows cyclic voltammograms recorded at SPEs for the blank solution (1 M 
H2SO4, line a), for Tx + 1 M H2SO4 solution after an accumulation time, (tacc) of 90 min at 
open circuit potential (OCP) recorded in the presence of Tx (line b) and, then, in the blank 
solution (absence of Tx, line c). Tx exhibits a main oxidation peak centered at about 0.59 V 
in the Tx solution, while adsorbed Tx shows a peak centered at about 0.51 V in the blank 
solution. The reason of the anodic peak potential difference (ΔEp, b-c) is based on the different 
experimental conditions of both cyclic voltammograms. CVb was recorded in a solution of 
Tx (the electrooxidation of Tx is accomplished under adsorption-diffusion control), while 
CVc was recorded in a blank solution (the electrooxidation corresponds to Tx adsorbed on 
the electrode surface). The ΔEp, b-c ≈ 0.080 V clearly indicates that the energetics related to 
the electrooxidation of adsorbed Tx is slightly “easier” than that of Tx in solution. In both 
cases, the complementary cathodic peak are observed when the direction of the potential 
sweep was reversed, showing the quasi-reversible nature of the electrode process. According 
to the Tx chemical structure (see Fig. 1), the catechol group can be oxidizable [23]. Previous 
results obtained in our laboratory showed that the catechol group has a quasi-reversible nature 
of the electrode process [41, 42].
PREFERRED POSITION FOR FIGURE 2
3.1.1. Effect of the scan rate 
The influence of v on the Tx electrochemical responses was also studied by CV. Fig. 
S1a (Fig. S1 in Supplementary Material) shows cyclic voltammograms recorded at SPEs in 
1M H2SO4 for a Tx concentration of 1.64 x 10-4 M after a tacc = 75 min at OCP (non-optimized 
parameters, tacc and Eacc). Therefore, the anodic peak current (Ip,a) for the Tx oxidation peak 
increases as v increases. Fig. S1b shows the corresponding log Ip,a vs. log v plot, where the 
slope was (0.73 ± 0.04), r = 0.9881. These results allow inferring that the electron transfer 
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process undergoes an adsorption-/diffusion-controlled process, with strong adsorption 
component (slope values near to 0.5 are reported for a diffusion-controlled  processes and, 
slope values near to 1 for an adsorption controlled process) [43].
3.1.2. Effect of the supporting electrolyte and pH on electrochemical responses
The influence of the supporting electrolyte and pH on the Tx electrochemical response 
were also studied. The current responses of Tx were compared in different supporting 
electrolytes such as 1 M H2SO4, 1 M HClO4 and phosphate buffer solutions at different pH’s. 
Fig. S2a (Supplementary Material) shows cyclic voltammograms recorded with the different 
supporting electrolytes at the same scan rate. These results show that higher peak currents 
were obtained in 1 M H2SO4 than in the other reaction media for a given Tx concentration 
( ). This reaction medium was also chosen for the Tx determination by other authors [25, 𝑐 ∗𝑇𝑥
26].
The effect of pH on Tx responses at SPEs was also studied by CV. Fig. S2b 
(Supplementary Material) shows the relationship between the peak potentials (Ep,a) and pH 
for the Tx electrooxidation. The linear regression equation was Ep,a (V) = (0.644 ± 0.015) - 
(0.057 ± 0.002) pH (r = 0.991). The value of the slope is very close to the theoretical value 
of -0.059 V, expected when the same number of electrons and protons are involved in the 
electrode process. 
3.2.  Optimization of the accumulation step 
Taking into account that the process is mainly controlled by adsorption (results showed 
in Section 3.1.1.) stripping voltammetry technique coupled with SWV was used. Preliminary 
studies showed that the accumulation time (tacc) and accumulation potential (Eacc) have a 
significant effect on the anodic peak current (Ip,a) responses. Fig. S3a (Supplementary 
Material) shows the effect of tacc at OCP obtained for the electrochemical responses of Tx on 
SPEs by CV. Fig. S3b (Supplementary Material) depicts the effect of Eacc at tacc = 70 min for 
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the Ip,a of Tx on SPEs, the Tx peak current increase as the Eacc increase at a given tacc. 
Therefore, a composite central design (CCD) 22 was used to optimize the experimental 
conditions to perform the Tx accumulation stage. The design was performed in eleven 
experiments and the levels for the two factors were selected based on the screening studies. 
Table 1 shows the levels studied for each factor and each run of experiments with the 
corresponding responses. All experiments were carried out at 1.00 x 10-6 M Tx + 1 M H2SO4 
on SPEs by SWV.
PREFERRED POSITION FOR TABLE 1
Fig. 3 shows a graphical representation of the response surface. As it can be observed, 
a maximum is achieved at tacc = 90 min and Eacc = 0.200 V. Potentials more positive than Eacc 
= 0.2 V are close to peak potential (≈ 0.41 V), so it was considered not convenient to explore 
values more positives than 0.2 V. On the other hand, taken into account that no maximum is 
achieved across the tacc variable, accumulation times higher than 90 min can be checked still 
to achieved a maximum value. However, a compromise situation between the figures of merit 
and time consumption of the method was chosen. So, the optimization process was stopped 
at the values indicated. The ANOVA table (Table S1 in Supplementary Material) shows that 
the fitted model present an excellent correlation, determination coefficient, a low value of 
pure error and lack of fit value greater than 0.05 (not significant).
PREFERRED POSITION FOR FIGURE 3
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3.3.  Analytical parameters 
Fig. 4a shows net SW voltammograms recorded under the optimized accumulation 
conditions. Fig. 4a also shows a significant cathodic shift of the net peak potential (Ep,n) as 
the Tx concentration increases. The reason for this shift is that the mechanism of Tx 
electrooxidation involves the formation of dimers [44]. According to theoretical studies carry 
out by Lovric et al. [45] the Ep,n is shifted to cathodic potentials as the concentration of 
reactant increases, due to the concentration of the oxidation product is diminished by the 
dimerization process. Linear plot of Ep,n on log  (not shown) gives a slope of -0.030 V/dec, 𝑐 ∗𝑇𝑥
which agrees very well with theory for a quasi-reversible electrode reaction coupled to the 
quasi-reversible dimerization of the product of the electrode reaction.  The calibration plot 
recorded in 1 M H2SO4 after performing the Tx accumulation stage at the SPEs surface is 
shown in Fig. 4b. A linear relationship between net peak current (Ip,n), and , was found in  𝑐 ∗𝑇𝑥
the concentration range from 0.05 to 1 µM. The calculated LOD was 0.021 µM, estimated as 
3 times the standard deviation of the residuals (Sy/x)/slope [46]. 
The reproducibility of Tx determination based on SPEs was calculated as the 
percentage of the relative standard deviation variation of seven independent measurements 
of 0.25 µM Tx solution. The values obtained were 4.2 % Ip,n and 1.1 % for the corresponding 
Ep,n, which are considered as very good for the devise under study. 
PREFERRED POSITION FOR FIGURE 4
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3.4.  Interference studies  
Different interfering species were explored for a possible analytical application of this 
electrochemical method. Therefore, the electrochemical response of 1 μM Tx was studied in 
the presence of daidzein (DZ), quercetin (Q), trans-resveratrol (t-Res) and caffeic acid (CA) 
at two concentration levels (1 and 10 μM). DZ produced a decrease in the Tx electrochemical 
signal near to 50 % when the concentrations ratio is 10 to 1. The decrease in Dz current signal 
is explained as follow. Dz has two phenolic groups (ring A and B, see Fig. S4 in 
Supplementary Material) that can be both oxidizable. Dz exhibits an oxidation peak centred 
at about 0.70 V, corresponding to the phenol oxidation of ring B (Fig. S5). According to 
previous reports found in the literature, the adsorption of DZ and/or its oxidation products is 
very strong in acid electrolytes due the phenol groups [47]. In acid media phenol groups 
increase the DZ hydrophobicity and, thus, its adsorption on the hydrophobic electrode surface. 
So, when DZ concentration increases the electrode surface is gradually blocked because of a 
simple competition for the active sites of the electrode and the electrochemical response of 
Tx is decreased (Fig. S5 in Supplementary Material). However, no change in the Tx 
electrochemical response was observed when the ratio between the interfering and analyte 
concentrations was 1. The presence of Q produced an increase in the Tx signal near to 60 and 
350 % when the ratio of concentrations was 1 to 1 and 10 to 1, respectively. On the other 
hand, t-Res caused an increase of the Tx signal near to 50 % when the ratio between the 
interfering and Tx concentrations was 1 to 1. Besides, when the ratio was 10 to 1 for both, t-
Res and CA, a complete overlap of the Tx signal was observed. These results can be 
explained considering that Q has a very similar structure to Tx. Both compounds have 
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catechol groups (see Fig. S4 in Supplementary Material). Chemical structure of t-Res and 
caffeic acid (CA) are also shown in Fig. S4. The catechol groups in rings B of Tx and Q and 
of CA can be oxidizable at about the same potential [48-50]. Phenolic group of t-Res is also 
oxidizable about that potential region as well [51]. All these compounds are oxidized from 
the adsorbed state on the electrode surface [48-51], leading to signals which overlap to the 
Tx discharge signal and, thus, increasing its peak current (see Fig S5 in Supplementary 
Material).
3.5.  Application of the electrochemical method to analysis of edible peanut oil 
samples
The proposed electrochemical method was then applied to the determination of Tx in 
commercial EPO samples as a quality control parameter. It was found that the Tx presence 
was negligible in all commercial samples analyzed. Therefore, untreated EPO samples were 
spiked with different amounts of Tx (see section 2.2) and analyzed in triplicate. The results 
obtained are shown in Table 2. Recovery percentages varied between 95 % and 105 %.  
PREFERRED POSITION FOR TABLE 2
Some electrochemical methods have recently been report to determine Tx in matrices 
different, using modified electrodes based on carbonaceous materials [24-28]. Although the 
figures of merit obtained for our sensor do not exhibit an improvement respect to the other 
electrochemical methods (Table 3), several advantages can be clearly highlighted, such as a 
low reagent consumption (75 µL per sample), no electrode cleaning stage is necessary, 
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possibility of decentralized analysis and the use a simple and disposable unmodified 
electrode for the Tx determination.  
PREFERRED POSITION FOR TABLE 3
4. Conclusions 
We have studied the use of unmodified screen-printed electrodes as the portable 
electrochemical sensing tool towards the determination of taxifolin using both the 
commercial reagent as well as peanut oil samples. Therefore, we have explored different 
electroanalytical parameters, which have been optimized to obtain the best taxifolin sensing 
methodology. The importance of this development is not only due to the novelty of the 
proposed electrochemical method to determined taxifolin, but also to the contribution of a 
sensitive disposable platform for a comparative evaluation of quality control methods and 
the designation of origin of “Cordoba, Argentina, Peanuts”.
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Figure captions
Figure 1. Chemical structure of taxifolin.
Figure 2. Cyclic voltammograms recorded in: a) 1 M H2SO4 blank solution, b) Tx 
solution after tacc = 90 min at OCP, and recorded in the presence of Tx, c) and then again in 
the blank solution.  = 1.64 x 10-4 M.  v = 0.100 V s-1. 𝑐 ∗𝑇𝑥  
Figure 3. Response surface obtained through Ip,n from the accumulation process. 
Square wave parameters: ΔESW = 0.025 V, ΔES = 0.005 V, f = 40 Hz.
Figure 4. a) Square wave voltammograms recorded in 1 M H2SO4 containing Tx at 
several concentrations: 0.05 µM, 2) 0.1 µM, 3) 0.25 µM, 4) 0.5 µM, 5) 1 µM). b) The 
corresponding calibration plot obtained from SW voltammograms of Fig. 4 a. The 
accumulation conditions were: tacc = 90 min, Eacc = 0.2 V. Square wave parameters were: 
ΔESW = 0.025 V, ΔES = 0.005 V, f = 40 Hz. The calibration curve is represented by: Ip,n = 
(0.42 ± 0.02) + (3.31 ± 0.11) . , R2 = 0.9959.𝑐 ∗𝑇𝑥 
Table 1. Run, factors and response for the experimental design. 






1 90 0.20 3.42 
2 60 0.10 2.76 
3 103 0.10 3.5 
4 90 0.00 2.93 
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Table 2. 
Recovery assays of Tx in spiked Argentinian edible peanut oil samples.






M1 0.80 0.77 96.3 -3.75
M2 0.60 0.62 103.3 3.33












































7 18 0.10 1.88 
8 60 0.24 2.92 
9 30 0.00 2.40 
10 60 0.10 2.47
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 A novel electroanalytical method was developed to determine taxifolin in peanut oil 
samples.
 The electrochemical techniques used were cyclic and square wave voltammetries.
 This is the first application of screen-printed electrodes to determine taxifolin by 
electrochemical studies.
 The proposed electrochemical detection method provides a novel, quick, low-cost, 
reliable and portable method for the in-situ quality control of oils.
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